Segregating and understanding speech in complex environments is a major challenge for hearingimpaired (HI) listeners. It remains unclear to what extent these difficulties are dominated by direct interference, such as simultaneous masking, or by a failure of the mechanisms of stream segregation. This study compared older HI listeners' performance with that of young and older normal-hearing (NH) listeners in stream segregation tasks involving speech sounds. Listeners were presented with sequences of speech tokens, each consisting of a fricative consonant and a voiced vowel (CV). The CV tokens were concatenated into interleaved sequences that alternated in fundamental frequency (F0) and/or simulated vocal tract length (VTL). Each pair of interleaved sequences was preceded by a "word" consisting of two random tokens. The listeners were asked to indicate whether the word was present in the following interleaved sequences. The word, if present, occurred within one of the interleaved sequences, so that performance improved if the listeners were able to perceptually segregate the two sequences. Although HI listeners' identification of the speech tokens in isolation was poorer than that of the NH listeners, HI listeners were generally able to use both F0 and VTL cues to segregate the interleaved sequences. The results suggest that the difficulties experienced by HI listeners in complex acoustic environments cannot be explained by a loss of basic stream segregation abilities.
Introduction
Hearing loss is associated not just with a loss of audibility, but also with a reduced ability to "hear out" important sounds (such as speech) in complex acoustic backgrounds (Moore, 1998; Oxenham, 2018) . These deficits lead to communication difficulties in everyday environments, and have been associated with social isolation (Mick et al., 2014 ) and accelerated cognitive decline with age (Gonzales et al., 2017) .
Understanding speech in complex acoustic backgrounds relies on our ability to organize the incoming sounds into coherent perceptual streams. To be intelligible, the target speech must be integrated within a single auditory stream and segregated from the competing voices and other extraneous sounds (Bregman, 1990) . Auditory stream segregation has been extensively investigated in normal-hearing (NH) listeners (for reviews, see Moore and Gockel, 2002, 2012) but less is known about auditory stream segregation in hearing-impaired (HI) listeners (Rose and Moore, 1997; Oxenham, 2008; Valentine and Lentz, 2008) .
Many acoustic cues can be used by NH listeners for stream segregation. For instance, speech intelligibility in the presence of interfering speech can be improved by introducing a difference in fundamental frequency (F0) as small as 2 semitones between the competing speech streams (Bird and Darwin, 1998; Brokx and Nooteboom, 1982; Darwin et al., 2003) . Another acoustic cue is related to the vocal tract length (VTL) of the talker, which reflects the talker size and influences judgements relating to the talker's gender and age (Smith and Patterson, 2005) . For NH listeners, a difference in VTL greater than 8% between competing talkers has been found to induce an improvement in speech recognition (Darwin et al., 2003) . Both these cues have been examined to some extent in HI listeners. Some studies have found a reduced ability of HI listeners to use F0 differences to segregate competing vowels (Arehart et al., 1997) or sentences (Summers and Leek, 1998) . Mackersie et al. (2011) investigated the effect of F0 and VTL cues on the perceptual segregation of sentences by HI listeners. The listeners' task was to repeat keywords associated with a call sign within sentences of the coordinate response measure (CRM) corpus, while ignoring a sentence spoken by a competing talker. The F0 difference between the target and competing talker was set to between 0 and 9 semitones and the VTL ratio was set to between 1 and 1.38. Mackersie et al. (2011) found that HI listeners were less able to use F0 cues than NH listeners and that they did not benefit from VTL cues.
Because these studies were carried out with stimuli that overlapped in time and frequency, it is not known to what extent the performance of HI listeners was limited by direct, or energetic, masking and to what extent it was mediated by effects related to streaming and/or informational masking (Durlach et al., 2003; Watson, 2005) in ways that cannot be accounted for by the overlap and interaction of the stimuli in the auditory periphery.
Studies using simple tonal stimuli to investigate streaming have come to differing conclusions. Rose and Moore (1997) found that the frequency separation needed to induce segregation between two alternating pure tones was generally greater for HI listeners than for NH listeners; however for HI listeners with unilateral hearing loss, the frequency separation needed for segregation was similar in both ears, suggesting that the relationship between streaming and peripheral hearing loss was not straightforward. Using broadband inharmonic tones, Valentine and Lentz (2008) found no significant differences between NH and HI groups in their ability to integrate or segregate alternating tone sequences based on their frequency separation.
To summarize, although HI listeners perform more poorly when listening to speech in competing speech backgrounds (Mackersie et al., 2011) , they do not always perform differently from normal in non-speech tasks involving sequential stream segregation (Rose and Moore, 1997; Valentine and Lentz, 2008) . It is possible that the difficulties experienced in speech tasks are related to direct (or energetic) masking when the target and masker overlap in time. Alternatively, it may be that the mechanisms involved in segregating highly spectro-temporally variable stimuli, such as speech, are not directly related to the mechanisms involved in segregating the simple repeating sequences typically used in auditory streaming studies. To address this question, we used a paradigm similar to that introduced by David et al. (2017a David et al. ( , 2017b . Speech sounds consisting of an unvoiced fricative consonant and a voiced vowel are arranged in interleaved sequences, and listeners are encouraged to listen either to the sequence as a single stream, or to attend to one of the two interleaved sequences. Our earlier studies showed that NH listeners were able to segregate such sequences based on differences in F0 between alternating speech sounds (David et al., 2017a ) and on differences in spatial location and high-frequency spectral cues (David et al., 2017b) . The present study investigated the performance of listeners with differing degrees of hearing loss in tasks involving the segregation of interleaved sequences of speech sounds based on differences in gender (male or female talker) or differences in either F0 or VTL, and compared their performance with age-matched listeners with normal hearing, as well as with younger listeners with normal hearing.
Listeners
Three groups of participants were tested: young NH listeners (YNH), older hearing-impaired listeners (AHI), and older NH listeners (ANH). The age range of the YNH group was 18e30 years (median age 20 years). The age range of the AHI group was 41.6e78 years (median age 67 years), and the age range of the ANH group was 46e73 years (median age 60 years). Normal hearing was defined as having audiometric thresholds 20 dB HL at all octave frequencies between 250 and 8000 Hz. Participants in the HI group had at least one threshold !25 dB HL across this frequency range.
Not all participants took part in all experiments, so each experiment includes a description of its participants. Fig. 1 displays the audiograms for all the participants in this study. Only one ear of each participant was tested, and only the audiogram for that ear is shown in Fig. 1 . For participants in the YNH and ANH groups, the better of the two ears was selected based on the average audiometric pure-tone thresholds estimated between 250 and 8000 Hz. For the AHI group, the poorer of the two ears was selected, based on the same criterion. All the listeners were native speakers of American English. They all provided written informed consent to participate in the study, and were paid for their participation. All protocols were approved by the Institutional Review Board of the University of Minnesota. Fig. 1 . Audiograms of the three groups of listeners: YNH (young normal-hearing listeners), ANH (older normal-hearing listeners), and AHI (older hearing-impaired listeners). The black lines correspond to the mean audiogram of all the participants in each group and the grey lines correspond to the individual audiograms. The pure tone averages (PTA), based on the thresholds at 0.5, 1, 2 and 4 kHz, were 1.9, 9.5, and 39.3 dB HL for the YNH, ANH, and AHI groups, respectively.
Experiment 1: identification tasks

Rationale
The aim of this experiment was to determine the ability of listeners to identify the different speech tokens that were used in the subsequent experiments. The experiment consisted of two parts: 1) one token was played on each trial and had to be identified and 2) two tokens (one male and one female voice) were presented either simultaneously or sequentially and the listeners had to identify the speech token spoken by the male voice, while ignoring the other token. The outcome of this experiment provides baseline performance, in terms of identification accuracy for the speech tokens in isolation, which was then compared with the results from the subsequent experiments involving sequential streaming.
Listeners
In the first part of the experiment, where each token was presented in isolation, a total of 39 listeners participated. These included 10 YNH listeners (4 males and 6 females, aged from 18 to 27 years; median age 20 years), 9 ANH listeners (3 males and 6 females, aged from 46 to 73 years; median age 59 years), and 20 AHI listeners (9 males and 11 females aged from 42 to 77 years; median age 66.5 years). In the second part of the experiment, where each target (male) token was presented with an interfering (female) token, a total of 33 listeners participated. These included 10 YNH listeners (3 males and 7 females, aged from 18 to 27 years; median age 20 years), 7 ANH listeners (3 males and 4 females, aged from 46 to 73 years; median age 60 years), and 16 AHI listeners (8 males and 8 females, aged from 42 to 78; median age 69 years). Of these listeners, 30 (eight YNH, six ANH, and 16 AHI) participated in both parts.
Stimuli
The stimuli were the same as those used by David et al. (2017a David et al. ( , 2017b . Each speech sound consisted of an unvoiced fricative consonant and a voiced vowel, naturally uttered by a male or a female, both of whom were native speakers of American English. These consonant-vowel (CV) [uː] ). All the stimuli were cropped at the beginning and end so that they lasted 160 ms, and each part (consonant and vowel) had approximately the same length. The tokens were gated on and off with a 10-ms raisedcosine ramps. Finally, the F0 of the tokens was flattened and set to a constant F0, which was selected to be close to the average natural F0 of the talker (110 Hz and 220 Hz for the male and female talker, respectively) using the Praat software package (Boersma and Weenink, 2017) .
The stimuli were recorded and replayed at a sampling rate of 44.1 kHz, converted to analog using a 24-bit L22 soundcard (Lynx Studio Technology, Costa Mesa, CA), and were presented monaurally via HD650 headphones (Sennheiser, Old Lyme, CT). For the NH listeners, the stimuli were presented at an rms level of 65 dB SPL. In order to control for audibility between groups of listeners, the stimuli for the HI listeners were amplified. Gain was applied according to each HI listener's individual audiogram. The stimuli were first bandpass filtered (Butterworth filter, fourth order) using octave-wide filters centered on 125, 250, 500, 1000, 2000, 4000, and 8000 Hz. Then, a gain corresponding to half of the mean difference between the hearing threshold of the listener and 20 dB HL was applied to each channel. The signal was then reconstructed by summing all the channels. This modified half-gain rule was applied for hearing losses up to 76 dB HL. Thus, the maximum applied gain in any octave band was 28 dB.
Procedure
All listeners took part in a familiarization session before the two identification tasks. The listeners sat in front of a monitor that displayed a grid of 24 buttons corresponding to the different tokens (four consonants and six vowels). Each button was labeled with a transcription of the token and listeners were provided with an information sheet in the booth, which provided an example of a common word to assist in understanding the transcription of each vowel. For example, the [o] written on the screen corresponded to the [o] in [hot] . In the familiarization session, listeners were able to play the tokens by pressing the corresponding button as many times as they wished, and to switch between the male and female voice, until they felt that they could identify most or all of the different speech tokens. The sounds were played in the ear that was to be tested. During the first identification task, a single CV token was randomly chosen from among the 48 available (24 male, 24 female) and played to the listener's test ear. Each token was presented four times in random order, for a total of 192 trials. Listeners identified which token was presented by pressing the appropriate button on the same grid of 24 buttons that they had used in the familiarization phase. No feedback was provided.
For the second identification task, two CV-tokens (one male, one female) were randomly chosen and played to the listeners either simultaneously ("overlap" condition) or sequentially ("sequential" condition), with the constraint that the male and female did not utter the same CV. In the sequential condition, the 160-ms female token was presented directly before the 160-ms male token, with no gap between them. All 24 male tokens were presented eight times in random order, for a total of 192 trials. In this task, the listeners had to ignore the female voice and report only the CV spoken by the male voice. Again, no feedback was provided. Fig. 2 shows the identification scores transformed into rationalized arcsine units (RAU) (Studebaker, 1985) for the CVs presented in isolation, averaged across listeners from each group. The three shades represent the mean performance of the three different groups, with black, grey, and white representing the YNH, ANH, and AHI groups, respectively. The bars on the left and right represent the scores for the identification of the male and female voices, respectively.
Results
Identification task for isolated CVs
To determine whether there was an effect of group, a repeatedmeasures analysis of variance (ANOVA) was performed with the talker gender (male, female) as the within-subjects factor and the group (YNH, ANH, AHI) as a between-subjects factor. The ANOVA used type III sum of squares, which is preferred when analyzing groups of different sizes. The results showed a significant effect of gender [F(1,36) ¼ 19.0; p < 0.001] and a significant effect of the group [F(1,36) ¼ 9.8; p < 0.001] but no interaction [F(2,36) ¼ 0.43; p ¼ 0.65]. Paired contrasts (using Fisher's LSD test) showed no significant difference between the YNH and ANH groups (p ¼ 0.25), but significant differences between the YNH and AHI groups (p < 0.001) and between the ANH and AHI groups (p ¼ 0.01). Thus, this analysis suggests no strong effect of age on identification in quiet, but an effect of hearing loss.
Given the relatively wide range of ages and hearing loss within the older listeners (in both the ANH and AHI groups), a multiple linear regression was run using the pooled data from both groups with age and hearing loss (i.e., PTA from 0.5, 1, 2, and 4 kHz) as regressors and performance (in RAU) with the male and female talkers as the dependent variables. The overall model combining hearing loss and age as predictors explained a significant proportion of the variance for both the male and female talker [F(2,28) ¼ 13.0; p < 0.001; R 2 ¼ 0.499, and F(2,28) ¼ 12.9; p < 0.001;
Hearing loss contributed significantly to the predictions (p < 0.001 in both cases), whereas age did not (p ¼ 0.26 and p ¼ 0.86, respectively for the male and female). Confusion matrices were derived from the results of each group. There was some confusion between the consonants [f] and [th] for all groups (see Appendix), and the degree of confusion seemed to increase with increasing hearing loss. This confusion was likely due to the high similarity in the spectra below about 6 kHz.
Identification task with an interferer
The identification scores in the presence of an interfering CV, averaged across listeners in each group, are shown in Fig. 3 .
A comparison of Figs. 2 and 3 shows that performance with the male talker (Fig. 2 , left panel) in isolation was very similar to performance with the male talker in the presence of the sequentially presented female talker (Fig. 3, right panel) . Since many participants took part in both parts, an ANOVA (again using type III sum of squares) was performed with the RAU values, considering just those participants who had taken part in both parts of the experiment, with task (syllables presented in isolation or syllables presented sequentially) as a within-subjects factor and group as a between-subjects factor (YNH, ANH and AHI). The ANOVA confirmed a significant effect of the group [F(3,27 Since there was no effect of a sequential masker, we investigated the effect of the overlap on the different groups, by subtracting performance with the overlapped masker from that with the sequential masker. This difference provides a measure of how much interference is produced by a simultaneous speech masker. A oneway ANOVA, with the difference in RAU scores between the sequential and overlap condition as the dependent variable and group (YNH, ANH, AHI) as a between-subjects factor, found a significant effect of group [F(2,31) ¼ 3.95; p ¼ 0.03]. Paired contrasts (using Fisher's LSD test) showed no significant difference between the YNH and ANH groups (p ¼ 0.593), but significant differences between the YNH and AHI groups (p ¼ 0.042) and between the ANH and AHI groups (p ¼ 0.019).
To study the effects of hearing loss and age more closely, a multiple linear regression was performed on the difference score, using data from participants in the ANH and AHI groups, with age and hearing loss (PTA at 0.5, 1, 2, and 4 kHz) as regressors. The analysis showed that the overall model combining hearing loss and age as predictors explained a significant proportion of the variance for the difference score [F(2,21) ¼ 6.65; p ¼ 0.006; R 2 ¼ 0.412].
Hearing loss contributed significantly to the predictions (p ¼ 0.032), whereas age did not (p ¼ 0.42).
Discussion
As expected (e.g., Reed, 1975) , hearing loss led to poorer identification of speech tokens in quiet, as shown by the significant effect of PTA on performance. Interestingly, for this task, there was no effect of age: no difference was observed between the YNH and ANH groups, and age was not significantly correlated with performance in the ANH and AHI groups. Overall, listeners performed slightly better with the male than with the female talker; however, no general conclusions should be drawn from this outcome, as the recordings only included two individual talkers. For this reason, and because the pattern of results was very similar for the two talkers, the subsequent experiments used only the male voice as the target.
For the identification task with the speech tokens spoken by the male talker in the presence of a token spoken by the female talker, performance was very similar to that found in quiet when the tokens were presented sequentially. However, when the tokens were presented simultaneously, performance was poorer, especially for the AHI, as might be expected, given the greater masking susceptibility usually associated with hearing loss (Glasberg and Moore, 1986; Kidd et al., 2002) . Indeed, the pairwise comparison showed that the YNH and ANH groups were not significantly different but they were significantly different from the AHI group. 4. Experiment 2: sequential streaming of syllables based on F0 and vocal tract length differences
Rationale
The two acoustic characteristics most associated with differences in talker gender are related to vocal tract length (VTL) and fundamental frequency (F0). An average male voice differs from that of an average female voice by a little less than an octave with formant frequencies that are about 16% lower (Darwin et al., 2003) . This experiment compared YNH, ANH, and AHI listeners' ability to segregate and sequentially stream speech sounds based on gender differences, as well as on differences in either F0 or VTL separately.
Listeners
A total of 34 listeners were tested in this experiment. These included ten YNH listeners (4 males, 6 females, aged from 19 to 30 years old, median age 22 years), seven ANH (4 males, 3 females, aged from 46 to 73 years old, median age 59 years), and 17 AHI listeners (9 males, 8 females, aged from 42 to 77 years old, median age 67 years).
Stimuli and procedure
This experiment focused on voluntary stream segregation, specifically how F0, VTL, and gender cues can assist in segregating interleaved sequences of speech sounds into different streams. The same stimuli were used as in the previous experiment. The CV speech sounds were concatenated into sequences that alternated in gender, or in either F0 or VTL. The F0 or effective VTL of the same male speaker that was used in experiment 1 was manipulated using Praat (Boersma and Weenink, 2017) by increasing the (flattened) F0 by 3, 5, or 9 semitones, or by decreasing the effective VTL by a factor of 1.1, 1.2, or 1.5, so that the original male voice had an effective VTL that was 110%, 120%, and 150% longer than that of the manipulated voice.
The listeners participated in three tasks during one two-hour session, with each task dedicated to one of the three manipulations. This task required listeners to detect whether a novel "word" comprised of two different random syllables was present in the following interleaved sequence. If present, the word was at the penultimate position in the sequence, and the length of the sequence varied randomly between 12 and 20 tokens. For the HI listeners, the same modified half-gain rule was applied to amplify the stimuli in each octave band up to 76 dB HL. All the participants started with the gender task, and the order of the two other tasks (F0 and VTL) was counterbalanced. Three conditions were tested for each task. In the gender task, the target word was always spoken by the male voice. In the first condition (1 stream), only one sequence was presented (with silent gaps where the interleaved sequence would have been) and the listeners were asked to detect whether or not the target word was presented in this male voice. The second condition (male/female) presented an interleaved sequence of alternating male and female CVs, and listeners were instructed to only pay attention to the male voice to detect whether or not the target word was presented. In the third condition (male/ male) the two sequences consisted of the male voice only. To perform this task, listeners had to identify the target word, which was interleaved with a distractor syllable from the same talker. For the gender task, 8 blocks of 30 trials (5 repetitions of the 3 conditions with and without the target word) were completed by each listener. Feedback was given after each trial.
In the F0 task, the three conditions involved F0 differences between the two talkers of 3, 5 or 9 semitones. In the VTL task, the VTL of the two sequences differed by 110, 120 and 150%. As the VTL difference increased, the higher voice (with the shorter VTL) became more unnatural. The listeners were asked to focus either on the lower pitch voice (F0 task) or on the more natural voice (VTL task) to detect whether or not the "word" was presented in the target voice. For the F0 and VTL tasks, 8 blocks of 30 trials (5 repetitions of the 3 conditions with and without the word) were performed. Feedback ("correct" or "incorrect") was provided on the screen after each trial.
Results
The results of the gender task are shown in Fig. 4 in terms of d'. All three groups showed large effects of condition, with performance at or near chance when the interleaved sequences were generated by the same male talker (black bars), but performance quite close to that found in the 1-stream condition (white bars) when the female voice was interleaved with that of the male (grey bars).
To test for the effects of group on the performance, a repeatedmeasures ANOVA (using type III sum of squares) was performed on the d' values with condition (1 stream, male/female, and male/ male) as a within-subjects factor and group (YNH, ANH, AHI) as a between-subjects factor. The ANOVA showed a significant effect of condition [F(2,66) ¼ 64.79; p < 0.001] but no effect of group [F(1,33) ¼ 0.57; p ¼ 0.57] and no interaction [F(4,66) 
To further investigate potential effects of age and hearing loss, the data from the older listeners (ANH and AHI groups) were combined in a multiple linear regression analysis. First the effects of age and hearing loss were studied in the 1-stream condition to examine overall sensitivity in the task. The model combining hearing loss (PTA from 0.5, 1, 2, and 4 kHz) and age did not significantly predict the performance in the 1-stream condition [F(2,25 Given that sensitivity to the basic task of detecting a word was found to be dependent on hearing loss, and given that mean performance in the male/male condition was at or near chance (d' ¼ 0), performance in the male/female task (d' mf ) was normalized for each subject by dividing it by the d' in the 1-stream task (d' 1s ). In this way, the normalized performance approaches 1 if stream segregation is completely successful (i.e., if the presence of the female interleaved sequence has no effect on performance), and is 0 if no segregation is possible. This measure of stream segregation (male/female normalized) was subjected to a multiple linear regression, using the data from the ANH and AHI groups with age and hearing loss (PTA from 0.5, 1, 2, and 4 kHz) as regressors. The regression analysis showed that the combined model did not predict a significant proportion of the variance [F(2,25) ¼ 0.41; p ¼ 0.67; R 2 ¼ 0.035]. It should be noted that the outcomes were not dependent on our decision to use the normalized d' value; the same statistical conclusions were reached when using the difference in d' between the 1-stream and the male-female condition. In summary, the ability to detect a target word in an isolated sequence of speech tokens was affected by hearing loss but not by age. However, the ability to segregate male from female speech did not seem to be significantly affected by either age or hearing loss. This outcome may be because the difference between a male and female voice, in terms of F0 and VTL differences, is sufficiently large that an effect of hearing loss is no longer observable. To test this hypothesis, the effects of F0 and VTL differences were examined separately.
Performance as a function of F0 and VTL difference is shown in Fig. 5 . The results were averaged across the listeners in each group. The data from the no-difference (male-male, or 0 semitone difference) and 1-stream conditions are replotted from Fig. 4 . To determine the benefit of F0 differences on performance, individual d' values for each F0 difference were again normalized by dividing them by the individual d' values in the 1-stream condition. In this way, complete stream segregation (i.e., performance equivalent to having no interfering sounds) would be reflected by scores approaching 1, whereas scores of zero represent chance performance.
The effect of F0 was assessed with an ANOVA (using type III sum of squares) using the normalized d' values as the dependent variable, with the F0 (male/male, 3, 5 and 9 semitones) as a withinsubjects factor and group (YNH, ANH and AHI) as a betweensubject factor. The results showed a significant effect of F0 [F(3,99) (using Fisher's LSD test) showed that the YNH group was significantly different from the ANH group (p ¼ 0.002) and the ANH group was significantly different from the AHI group (p ¼ 0.022), but that the YNH group was not significantly different from the AHI group (p ¼ 0.18). The results are somewhat puzzling, as it appears that the ANH group performed more poorly than either the YNH or the AHI group, meaning that the decrease in performance cannot be clearly attributed to either age or hearing loss.
To examine the effects of age and hearing loss within the older participants, the slope of the normalized d' value as a function of the semitone difference (0, 3, 5, and 9 semitones) was taken as a measure of streaming. If no segregation was possible and/or if differences in F0 between the sequences had no effect of performance, then the slope of the function would be near zero. On the other hand, if increases in the F0 difference between the sequences led to improved performance, then the slope would be positive. Using this slope measure, a multiple regression analysis was performed using data from participants in the ANH and AHI groups, with regressors of age and hearing loss (PTA from 0.5, 1, 2, and 4 kHz). Consistent with the outcomes of the ANOVA, this combined model incorporating age and hearing loss did not account for a significant proportion of the variance [F(2,25) ¼ 1.54; p ¼ 0.23; R 2 ¼ 0.118]. The statistical conclusions were the same when using d' differences rather than the normalized d' values. The average slopes of the YHN and ANH groups were similar (0.24 and 0.28, respectively), whereas the average slope for the AHI group was shallower (0.13). The effect of VTL difference was assessed with an ANOVA (using type III sum of squares) using the normalized d' with the VTL condition (male/male, 110, 120 and 150% VTL) as a within-subjects factors and group (YNH, ANH and AHI) as a between-subjects factor. The results showed a significant effect of VTL condition [F(3,99 (using Fisher's LSD test) showed that the YNH group was significantly different from the ANH group (p ¼ 0.004), and that the ANH group was significantly different from the AHI group (p ¼ 0.003), but the YNH and AHI groups were not significantly different (p ¼ 0.784). As with the F0 differences, the ANH group's performance was poorer on average in a way that cannot be explained by either age or hearing loss.
The effects of age and hearing loss on VTL-based streaming were analyzed in more detail using a multiple linear regression analysis of the slope of the normalized d' values, evaluated as a function of the VTL difference (male/male, 110, 120 and 150% VTL) on the participants in the ANH and AHI groups, with regressors of age and hearing loss (PTA between 0.5, 1, 2, and 4 kHz). The analysis showed that the combined model did account for a significant proportion of the variance [F(2,25) ¼ 6.32; p ¼ 0.006; R 2 ¼ 0.355], and that this was driven by hearing loss (p ¼ 0.003) but not age (p ¼ 0.27). The average slopes of the YHN and AHI groups were of the same order (0.31 and 0.34, respectively) whereas the average slope for the ANH group was shallower (0.17).
Discussion
Previous studies with NH listeners have shown that a difference in F0 between two concurrent sentences can enhance the perceptual segregation of the sentences (Brokx and Nooteboom, 1982; Bird and Darwin, 1998; Darwin et al., 2003) . However, Summers and Leek (1998) found that listeners with hearing loss were unable to use a difference in F0 to segregate sentences. In our data, the effects of hearing loss were not clear cut; indeed, on average the ANH listeners performed more poorly than the AHI listeners. A comparison of the YNH and ANH groups might suggest an effect of age; however, that conclusion is rendered questionable by the fact that performance was similar between the YNH and the AHI groups, despite the large difference in age between the groups. Similar conclusions were reached via the multiple linear regression analysis using just the two older groups of participants, which showed that neither regressor (hearing loss or age) significantly predicted performance. The study by Summers and Leek (1998) was carried out using sentences from the CMR corpus. Hence, their stimuli overlapped in time and frequency. Thus, overlap might account for the impairment in streaming by HI listeners in their study.
Differences in VTL have also been found to improve the intelligibility of two simultaneous sentences for NH listeners (Darwin et al., 2003) . Cochlear-implant users, however, are less sensitive to VTL differences (Fuller et al., 2014) , presumably due to poorer spectral resolution and greater channel interactions caused by current spread (Gaudrain and Baş kent, 2015) . The ability to benefit from VTL cues requires access to the first two formants. Hence, listeners with only mild loss at low frequencies (250e1000 Hz) should be able to use VTL cues. However, for listeners with more severe loss, the access to VTL cues should be impaired. For instance, as mentioned in the introduction, Mackersie et al. (2011) showed that listeners with moderate to severe hearing loss did not benefit from VTL difference cues when understanding speech in the presence of a speech masker. The present results showed a significant effect of age (difference between YNH and ANH listeners). However, as with the F0 analysis, this interpretation is rendered questionable by the fact that the performance of the AHI was similar to that of the YNH group, despite large age differences. The multiple linear regression analysis on the slope of the performance showed that hearing loss predicted some variance in the VTL task, but in the counterintuitive direction that more hearing loss led to better performance. Again, this conclusion is likely spurious, as no effect of hearing loss was observed when comparing the YNH listeners with the AHI listeners.
The most surprising and most reliable finding from this experiment is that hearing loss did not result in a reduced ability to use either F0 or VTL cues for segregation. It may be that the crucial factor is that our study involved sounds that were presented only sequentially and not simultaneously. In conditions involving competing sentences, the sounds overlap in time, potentially leading to some direct masking. To test this possibility, the paradigm used so far was altered, so that the sounds from the two sequences overlapped in time to varying degrees. The hypothesis was that if hearing loss and/or ageing selectively affect conditions with direct masking, then differences between the groups should emerge in cases where the sequences overlap most in time.
Experiment 3: effects of temporal overlap between the syllable sequences
Rationale
The results from experiment 2 showed that listeners with hearing loss seem to be able to use F0 and VTL cues to segregate competing sequentially presented voices to the same extent as both young and older NH listeners. This finding contrasts both with earlier studies showing differences between NH and HI listeners in their ability to segregated speech using these cues (Arehart et al., 1997; Mackersie et al., 2011; Summers and Leek, 1998) and with the everyday challenges experienced by HI listeners in complex acoustic environments. The present experiment tests whether the difference can be ascribed to the lack of temporal overlap between the competing sound sequences in the previous experiment. Performance in the same task as used in the previous experiment was tested with the amount of temporal overlap between the two sequences systematically varied.
Listeners
Ten YNH (4 males, 6 females, aged from 19 to 30 years old, median age 19 years), seven ANH (4 males, 3 females, aged from 46 to 73 years old, median age 59.5 years), 17 AHI (9 males, 6 females, aged from 42 to 77 years old, median age 67 years) participated in this experiment. Three of the YNH, five of the ANH, and 17 of the AHI participants had taken part in experiment 2.
Stimuli and procedure
The same stimuli as in the previous experiments were used in this experiment, with 160-ms tokens presented in each sequence with an inter-onset interval of 400 ms. Each listener took part in two sessions of two hours, the first one being a training session in which the masker (female voice) was 3 dB lower in level than the target (male voice), and the second one being the main session in which all voices were presented at the same level. The same stimuli as in the previous experiments were used. As in the previous streaming task, a word made of two random syllables spoken by the male talker, was presented to the listeners followed by a 1-s silence and then two sequences, one spoken by the male target and one by the female masker.
Five conditions were tested: one-sequence (only the male voice at a slow rate of one token every 400 ms), 0% overlap (alternating male and female voices with an inter-onset interval between male and female tokens of 200 ms), 50% overlap (male voice leading female voice by 80 ms and thus overlapping by 50%), À50% overlap (female voice leading male voice by 80 ms and thus overlapping by 50%), and 100% overlap (male and female voice presented simultaneously, with an inter-onset interval between tokens from each voice of 400 ms). The task again consisted of detecting whether or not the target word was presented in the male voice. Fifteen blocks of 40 trials (4 repetitions of the 5 conditions with or without the word) were run with feedback for each listener.
Results
The results in terms of sensitivity (d') are presented in Fig. 6 . A repeated-measures ANOVA (using type III sum of squares) was performed on the normalized d' values (calculated by dividing the individual d' values by the individual d' values in the one-sequence condition), with the condition (0%, 50%, À50% and 100% temporal overlap) as a within-subjects factor and group (YNH, ANH and AHI) as a between-subjects factor, showed a significant effect of condition [F(3,93 Since the conditions with overlap were not significantly different from each other, the mean of the normalized d' values was estimated for each participant across the three conditions with overlap. A multiple linear regression was run to predict the normalized mean d' value for the conditions with overlap using age and hearing loss (PTA at 0.5, 1, 2, and 4 kHz) as the regressors, using data from the participants in the ANH and AHI groups. This model did not account for a significant proportion of the variance [F(2,23) ¼ 1.92; p ¼ 0.17; R 2 ¼ 0.155].
Discussion
The results showed no effect of listener group. This outcome does not support our hypothesis that HI listeners are especially affected by temporal overlap between the stimuli. Indeed, this experiment suggests that HI listeners were able to use the gender difference between the target and interferer as well as the NH listeners, once basic sensitivity to the CVs had been accounted for. Interestingly, performance was affected by whether the voices overlapped in time, but performance was the same whether the overlap was 50% or 100%. In addition, there was no difference in performance between the þ50% and À50% overlap conditions, suggesting that there was no overall performance difference between conditions in which the target consonant was presented without overlap (in the 50% overlap condition) and conditions in which the target vowel was presented without overlap (in the À50% overlap condition).
General discussion
Some differences in acoustic features between talkers can enhance the intelligibility of one talker in presence of another. The two main components of a gender difference are F0 and VTL. It has been shown that both of this cues can enhance stream segregation (Darwin et al., 2003; Vestergaard and Patterson, 2009 ) for NH listeners. It is worth noting that these previous studies involved running speech, so that some temporal overlap occurred between the target and interferer. The aim of the present study was to investigate the effect of age and hearing loss on sequential stream segregation of speech sounds, where the sounds did not overlap in time at all. The initial CV identification task showed that HI listeners performed poorly compared to the NH listeners, as expected. However, less expected was the finding that HI listeners were able to use both F0 and VTL cues to improve performance in a task that required the segregation of interleaved sequences of speech sounds. Indeed, once performance was normalized for basic identification, the results of the HI groups were not significantly different from those of the NH groups. These results suggest that differences between NH and HI listeners in their capacity to understand speech in complex acoustic environments cannot be explained by a failure in basic sequential stream segregation abilities. Also somewhat surprising was the finding that temporal overlap of the sequences did not selectively impair the performance of the HI group. The results seem to contradict previous literature (e.g., Arehart et al., 1997; Mackersie et al., 2011) , which found that HI listeners showed reduced ability to use F0 differences to segregate competing voices. However, the tasks being different (speech recognition in real context vs. word detection in alternating sequences), the results are difficult to compare.
Although the results suggest that basic abilities to segregate speech sounds based on differences in F0 and VTL remain intact in HI listeners, it may be that our experiments do not capture other important cues involved in perceptual segregation in everyday environments. For instance, Strelcyk et al. (2014) observed a decrease in streaming abilities in HI listeners in a task involving digit sequences, where the acoustic difference between the target and interferer was based on differences in the spectral tilt of the two voices. It is worth noting that the results also demonstrate large intersubject variability, both within and across the different listener groups. Despite the wide range of performance in most conditions, neither hearing loss nor age accounted for a significant proportion of the variance in the key conditions tested here. The lack of effect of hearing loss found here is consistent with the results of a streaming study using simpler repeating sequences of tones (Valentine and Lentz, 2008) , despite our use of more complex and variable speech sounds. Taken together, the results suggest that the difficulties encountered by HI listeners in everyday listening environments cannot be ascribed primarily to deficits in basic auditory streaming capabilities.
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Figure Appendix
Confusion matrices for the three groups of listeners: YNH (top panel), ANH (middle panel), and AHI (bottom panel). The y-axis displays the CV-tokens that were presented and the x-axis displays the responses of the listeners. The diagonal represents the cases when the tokens were correctly identified.
